Patients with refractory or relapsed Philadelphia chromosomepositive acute lymphoblastic leukemia (Ph+ALL) rarely have prolonged responses to salvage therapy, including imatinib, resulting in a short opportunity for potentially curative stem cell transplantation. To identify minimal residual disease (MRD) parameters predictive of imminent relapse, we quantitated BcrAbl expression by real-time PCR in peripheral blood (PB) and bone marrow (BM) of 24 Ph+ALL patients after achieving a complete response and MRD minimum. The ratio of Bcr-Abl and glyceraldehyde-3-phosphate dehydrogenase copies, magnitude of increase and velocity of increase were evaluated regarding subsequent time intervals to relapse, death or censoring. High Bcr-Abl levels X5 Â 10 À4 in PB (n ¼ 23) and X10 À4 in BM (n ¼ 18) were significantly associated with short time periods to relapse. Bcr-Abl increases 42 logarithmic units (log) in PB, but not in BM preceded short-term relapse. The velocity of Bcr-Abl increases predicted response duration in PB (cutoff: 1.25 log/30 days) and BM (0.6). Bcr-Abl level and velocity of increase in BM as well as magnitude of increase in PB correlated with remaining periods of survival and predicted relapse within 2 months in nine of 10, 10 of 11 and four of four patients, respectively. Thus, these MRD parameters may guide timing and intensity of therapeutic modifications.
Introduction
In total, 60-80% of patients with Philadelphia chromosomepositive acute lymphoblastic leukemia (Ph+ALL) achieve a complete remission (CR) in response to multiagent induction chemotherapy, with a median remission duration of only 9 months and overall survival of less than 10% at 3 years. [1] [2] [3] [4] [5] [6] Allogeneic stem cell transplantation (alloSCT) is potentially curative, but only patients who are in CR at the time of transplant are likely to experience long-term disease-free survival (DFS). [7] [8] [9] [10] [11] [12] Following relapse, aggressive salvage chemotherapy has limited efficacy and substantial morbidity and may contribute to the high transplant-related mortality commonly observed in these patients. Imatinib (Glivec R ) is a tyrosine kinase inhibitor that is selective for the Abl, Kit and PDGFR kinases and exerts substantial but usually brief antileukemic activity in the majority of patients with relapsed or refractory Ph+ALL. 13, 14 Single-agent imatinib is well tolerated and has been used successfully as salvage therapy prior to alloSCT. 15 Accordingly, all patients with a compatible donor who are considered eligible for alloSCT should be transplanted as soon as possible. In practice, with a median time to progression on imatinib of only 2 months overall 13, 14 and of 5.4 months in patients reaching a complete hematologic response (CHR), a considerable number of patients relapse before actually undergoing alloSCT. We have shown previously that these patients have a dismal outcome, 15 whereas the probability of DFS in patients who are transplanted while still in CR is 51% at 12 months. As a consequence, all patients on imatinib who cannot be transplanted in a timely manner, that is, within approximately 6 weeks of initiating salvage therapy, should be considered for additional or alternative therapies to avoid relapse, although this may entail considerable toxicity. The ability to distinguish patients at risk of imminent relapse from those likely to derive continued benefit from imatinib monotherapy would therefore provide a rational basis for treatment decisions involving intensification of therapy prior to planned alloSCT, or for the use of alternative experimental strategies in patients not eligible for SCT.
Quantitative PCR techniques able to detect a single leukemia cell in a background of 10 4 -10 6 normal cells have revealed that the level of residual leukemia correlates with the probability of relapse in childhood and adult PhÀALL patients. [16] [17] [18] [19] [20] [21] High MRD levels were also associated with early relapse in pediatric Ph+ALL patients. 6, 22 Increases in residual leukemia levels, as documented by conversion from negative to positive PCR results, were shown to precede relapse in Ph+ALL patients by 1.5 weeks to 6 months. [23] [24] [25] Bone marrow transplantation (BMT) was shown to be more effective in accomplishing negative PCR results than conventional chemotherapy in Ph+ALL. 7, 26 Detection of Bcr-Abl transcripts in 36 Ph+ALL patients after BMT was associated with an increased risk of relapse. 27 In addition, increasing Bcr-Abl levels after BMT were indicative of imminent relapse. 28 Specific criteria for interpreting MRD results in Ph+ALL patients receiving imatinib therapy remain to be established.
We have shown previously in cohorts of Ph+ALL patients that the absolute level of Bcr-Abl transcripts measured in PB and BM samples during the first 2-4 weeks of imatinib treatment correlated significantly with the duration of response to imatinib. 29 In individual patients, however, the early reduction of Bcr-Abl transcripts does not necessarily predict the kinetics with which a resistant leukemic clone becomes the predominant cell population during subsequent imatinib therapy. Therefore, it is of practical relevance to determine whether the sensitivity and reproducibility of serial quantitative PCR are sufficient to define and detect clinically relevant MRD increments that are predictive of relapse, and whether such an analysis is clinically feasible. Moreover, it was unclear whether PB and BM were equivalent sources of cell samples for MRD analysis. The present analysis was therefore conducted to identify thresholds for the Bcr-Abl level, magnitude of increase and speed of increase that may guide clinical decisions to initiate additional or alternative treatments.
Materials and methods

Patients and treatment design
We studied 56 patients in total who were enrolled in two successive clinical phase II studies of imatinib (CSTI571 109 and CSTI571 114) designed to determine the safety and efficacy of imatinib in patients with relapsed or refractory Ph+ALL.
14,15 A CHR was defined as a reduction of marrow blasts to less than 5% with no blasts in peripheral blood (PB) and hematopoietic recovery with absolute neutrophil counts X1.5 Â 10 9 /l and platelet counts X100 Â 10 9 /l and no evidence of extramedullary disease. A complete marrow response (CMR) was a reduction of marrow blasts to less than 5% and of peripheral blasts to 0% with no evidence of extramedullary disease, but incomplete hematopoietic recovery. Complete response (CR) means CHR or CMR. Partial response (PR) was defined as reduction of bone marrow (BM) blasts to 6-25%. Relapse was defined as disease recurrence with BM blasts exceeding 5% or reappearance of PB blasts in a patient who had achieved a CHR or CMR. Patients were considered refractory to imatinib, if there was no elimination of peripheral blasts or extramedullary disease and/ or a failure to reduce marrow blasts to o25%. Minimal residual disease (MRD) results of the initial phase of therapy with imatinib describing the degree of reduction have been published previously. 29 Of the 56 patients, 16 were refractory or with a PR and therefore not of interest for further MRD analysis. Since the present study intended to examine further MRD courses during imatinib therapy by monthly BM and PB samples, 10 of the remaining 40 patients with CHR or CMR were excluded from evaluation due to early transfer to SCT (28-67 days after starting imatinib therapy). Four of the remaining 30 patients suffered short-term relapse before or at 2 months of imatinib therapy (29, 46 , 55 and 64 days after start), thus not permitting predictive MRD analysis with a schedule of monthly sample collection. Another two patients were excluded from analysis since there was no regular sample collection or sufficient sensitivity at scheduled monthly time points (first patient: sensitivity too low at day 28; only valid sample at day 51; relapse at day 85; second patient: sensitivity too low at day 28; only valid sample at day 56, relapse at day 70). Therefore, 24 patients were evaluable, of whom 23 provided PB samples and 18 BM samples.
Upon initiation of imatinib, two patients were in CR (MRD+), one in PR, five refractory to chemotherapy, 10 in first and six in second relapse. An alloSCT had been performed in 14 patients (matched related n ¼ 10; matched unrelated n ¼ 4). The minor (p185 Bcr-Abl ; e1a2) and major (p210 Bcr-Abl ) Bcr-Abl transcripts were identified in 18 and six patients, respectively (b2a2: n ¼ 4; b3a2: n ¼ 2).
Cell samples and real-time PCR for Bcr-Abl and GAPDH BM aspirates and PB samples were collected in EDTA immediately prior to starting imatinib therapy, 2 weeks, 4 weeks and subsequently monthly thereafter. Bcr-Abl quantification was performed as described previously. 29 Briefly, mononuclear BM and PB cells were separated by Ficoll-Hypaque density gradient centrifugation and aliquots of viable cells were cryopreserved in liquid nitrogen. RNA was extracted by Ambion's total RNA extraction kit per supplier's instructions. cDNA was synthesized from 1 to 5 mg RNA according to standard conditions. Plasmid standard titrations with defined copy numbers for Bcr-Abl and GAPDH (housekeeping gene) were analyzed simultaneously with patient samples. TaqMan PCR was conducted in duplicate reactions employing ABI PRISM 7700 (PE Biosystems, Weiterstadt, Germany) with standard conditions (501C for 2 min, 951C for 10 min and 45 cycles at 951C for 15 s and 601C for 1 min). In order to amplify m-Bcr-Abl (e1a2), 5 ml of template was used in 50 ml reaction mixtures consisting of the primer a2-F (CAGACCCTGAGGCT CAAAGTC) at 200 nM and the primer rALL-TB (GCAA GACCGGGCAGATCT) at 200 nM and the break point-specific probe ALL12-FAM (CCGCTGAAGGGCTTCTGCGTCTCC) labelled with FAM at the 5 0 end and TAMRA at the 3 0 end at 200 nM final concentration. MgCl 2 was used at 5 mM and other reagents were added as per the supplier's instructions (Core Reagents Kit, PE Biosystems). In order to amplify M-Bcr-Abl (b2a2) primers, a2-F and b2-1R (GCATTCCGCTGACCATCAA) were used in combination with break point-specific probe CML22-FAM (CCGCTGAAGGGCTTCTTCCTTATTG) and 6 mM MgCl 2 concentration. There is a one-mismatch polymorphism in 30% of the patients expressing b2a2. 30 Our probe does not map to this polymorphic sequence exactly. Although this mismatch to our probe may impair PCR efficiency in polymorphic patients compared to patients with the predominant allele, this mismatch does not impair intraindividual sequential analysis and comparison as carried out in this study. M-Bcr-Abl (b3a2) was amplified by primers a2b3-F (GAGTTCCAACGAGCGGCTT) and b3-1R (TCATCGTCCACTCAGCCACT) and break point-specific probe CML32-FAM (CCGCTGAAGGGCTTTTGAACTCTG) at 4.5 mM MgCl 2 . For normalization, GAPDH housekeeping gene expression was analyzed using a predeveloped assay by PE Biosystems. Copy numbers of Bcr-Abl transcripts were calculated by plasmid standard curves, normalized by GAPDH housekeeping gene transcripts and expressed as Bcr-Abl/GAPDH ratios (relative BcrAbl levels). It was required to have at least 10 5 GAPDH copies in a sample to consider a negative PCR result valid. The sensitivity of the method permitted detection of one Bcr-Abl positive leukemic blast of a patient sample in X10
5 Bcr-Abl negative background cells (BM or PB mononuclear cells of normal donors) as titrated in six patient samples of PB and BM, respectively.
Algorithms for serial MRD evaluation
The present study examined consecutive MRD levels in PB and BM samples collected during imatinib therapy from 24 Ph+ALL patients subsequent to their achieving a relative minimum of Bcr-Abl transcripts. This minimum was defined as the lowest measured relative Bcr-Abl level prior to an increase or identical value. The first Bcr-Abl level that was at least 1 log higher than the minimum was used for statistical analysis of an association with the remaining time of remission or survival. If there was no increase of more than 1 log, the highest value after the minimum was used for analysis. Increased Bcr-Abl levels were only considered if the sample was obtained at least 7 days prior to hematologic relapse. The magnitude of increase was determined for each patient by calculating the log ratio between the increased Bcr-Abl level (as defined above) and the minimum. The velocity of MRD increases was defined as the maximum Bcr-Abl increase per time, expressed as log increase per month (30 days). The starting point of this parameter may be at, or anytime after, the minimum and prior to the increased (ie 41 log) Bcr-Abl level.
Statistical analysis
The Bcr-Abl level, increase and velocity of increase as defined above were examined in relation to the time interval between Prediction of relapse in Ph + collection of the index sample (PB or BM) and relapse/censoring or death/censoring by Kaplan-Meier plots and log rank tests using Graph Pad Prism software (San Diego, CA, USA). Logarithmic changes of Bcr-Abl levels in relation to negative PCR results were calculated by substituting the value of the particular sensitivity of the PCR reaction for the negative result. Fisher's exact probability test was employed to detect whether Bcr-Abl level, increase or velocity of increase below the respective threshold were significantly associated with a longer time interval to relapse (460 days) vs values above the respective threshold with a shorter time interval to relapse. Patients who did not relapse within the time period of 60 days, but were observed for less than 60 days, had to be excluded from the analysis.
Results
Response duration
The median time to progression in the cohort of 24 Ph+ALL patients who achieved a CHR or CMR was 5.5 months (range: 2-25). Five of the 24 patients were in continuous CR at the time of most recent evaluation (740+, 515+, 245+, 215+ and 70+ days after starting imatinib). One of these five patients died of septicemia after 70 days. Of the 24 patients, 19 relapsed (one in central nervous system) a median time of 144 days after starting imatinib (range: 53-448 days). Of 24 patients, 11 were alive at the time of most recent evaluation with a median interval from starting imatinib to death or censoring of 244 days (75-746+).
Bcr-Abl levels
Relative Bcr-Abl levels in relation to housekeeping gene GAPDH were determined in serial PB (23 pts.) and BM (18 pts.) samples from the 24 Ph+ALL patients in CR subsequent to achieving a MRD minimum with imatinib therapy. The median of the minimal Bcr-Abl/GAPDH levels in PB was 3.4 Â 10 À7 (Figure 1a) . At the time when increases of Bcr-Abl were evaluated, the median Bcr-Abl/GAPDH level was 2.9 Â 10
À5
, and the median of individual increases was 1.4 log compared to the minimum. The median interval from this time point to relapse was 64 days (range 9-581+).
The median minimal Bcr-Abl/GAPDH level in BM was 3.4 Â 10 À6 at the minimum and 1.4 Â 10 À4 at the time when increases were assessed (Figure 1b) . The median of individual increases was 1.1 log at this time. The subsequent median time to relapse was 38.5 days (7-499+).
Relationship between Bcr-Abl level and subsequent interval to relapse
In PB, Bcr-Abl/GAPDH levels below 5 Â 10 À4 were associated with significantly (P ¼ 0.035) longer subsequent time periods to relapse (median: 83 days; range: 24-581+) than levels above 5 Â 10
À4
, with a median time to relapse of only 27 days (range: 9-150). In BM, a slightly lower threshold than in PB distinguished two prognostic groups: patients with a Bcr-Abl/ GAPDH level below 1 Â 10 À4 relapsed after a median of 81 days (range: 33-499+), compared with 26 days (range: 7-150) in patients with a level above 1 Â 10 À4 (P ¼ 0.005) (Figure 2a) . Interestingly, the threshold of 10 À4 in BM was also significantly prognostic for the remaining time of survival (P ¼ 0.017), since it dinstinguished a group (n ¼ 8) with no death during a median follow-up of 242 days from a poor prognostic group (n ¼ 10), in which all patients died with a median interval to death of 126 days.
We were interested whether these thresholds could be used to indicate the probability of relapse within 60 days of the most recent MRD analysis, as this time period is usually long enough for implementation of other or additional therapeutic interventions. A threshold Bcr-Abl/GAPDH level in BM (n ¼ 17) of X10 À4 was indeed highly predictive of relapse within the subsequent 60 days, with a 90% probability (9/10 patients). Conversely, five of seven patients with levels o10 À4 did not experience relapse within 60 days of the last MRD analysis (P ¼ 0.018) ( Table 1) . Apparently, levels o10 À4 are less likely to predict sustained remission than levels X10 À4 are able to identify subsequent relapse.
Notably, Bcr-Abl levels in PB were not associated with significantly different rates of relapse within 60 days with regard to a threshold of 5 Â 10 À4 .
Relationship between Bcr-Abl increase and subsequent interval to relapse
The relation between the Bcr-Abl/GAPDH log increase above the minimum and the individual patient's subsequent time to Bcr-Abl/GAPDH levels in PB (a) and BM (b) at MRD minimum (best) and at the time of evaluation of increase (incr.). Paired samples are connected by lines and negative PCR results are depicted by empty diamonds. At best MRD response, seven samples were negative in PB and two samples in BM, while at the time of evaluation of increase one sample was negative in PB and BM, respectively. The median of individual changes of Bcr-Abl/GAPDH levels was +1.4 log in PB and +1.1 log in BM.
Prediction of relapse in Ph + ALL during imatinib treatment UJ Scheuring et al relapse was examined by the Kaplan-Meier plots and log rank tests. An increase of 2 log in PB was the threshold allowing the most significant discrimination (P ¼ 0.0004) between patients belonging to different prognostic groups. Bcr-Abl increases of less than 2 log were associated with a median subsequent time to relapse of 83 days, while greater log increases correlated with a median of 22 days (Figure 2b ). The differences in log increases of Bcr-Abl were independent of time periods that had elapsed since the lowest MRD level. The median MRD levels determined at the time of best molecular response did not differ between the patients with an early or later relapse.
These prognostic patient groups were also significantly different (P ¼ 0.0007) with regard to remaining survival periods, with median intervals of 312 and 47 days, respectively (increase o2 log and X2 log).
Analysis of Bcr-Abl/GAPDH log increases in PB with regard to occurence of relapse within 60 days was performed in 22 patients. All four patients in whom an increase of X2 log in PB was observed relapsed within 60 days. Conversely, 13 of the 18 patients with no or maximum increases of less than 2 log remained in remission for at least 60 days (Table 2) . Kaplan-Meier plots of Bcr-Abl/GAPDH levels in BM (a), Bcr-Abl/GAPDH log increases in PB (b) and velocity of Bcr-Abl/GAPDH increases in BM (c) in regard to time interval from sample collection to relapse are shown. Most discriminatory thresholds for Bcr-Abl levels (10 À4 ), increases (2 log) and speed of increase (0.6 log/month) were used to determine the prognostic potential of these parameters. In addition, a KaplanMeier plot of velocity of increases in BM in relation to the time interval from sample collection to death or censoring is depicted (d). Table 1 Bcr-Abl/GAPDH levels after best MRD response in BM of Ph+ALL patients allocated prognostically into groups with low (o10
À4
) and high (X10
) MRD levels in relation to interval from sampling to relapse (o60 or X60 days)
P=0.0345, n=17. Of the 18 patients, 17 were evaluable, while followup time of one patient without relapse was less than 60 days.
Table 2
Bcr-Abl/GAPDH logarithmic increases in relation to best response in PB of Ph+ALL patients allocated prospectively into groups with small or missing (o2 log) and strong (X2 log) MRD increases in regard to interval from sampling to relapse (o60 or X60 days) Days to rel.
Log increase
P=0.0172, n=22. Of the 23 patients, 22 were evaluable, while followup time of one patient without relapse was less than 60 days.
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In contrast, Bcr-Abl/GAPDH increases in BM were not significantly linked to prognostic patient groups with respect to time to relapse and survival.
Velocity of Bcr-Abl increase in relation to interval to relapse
Since Bcr-Abl levels as well as increments of Bcr-Abl levels were prognostic indicators of the remaining duration of response and survival, we addressed the question whether the speed of increase was also a useful parameter for estimating the time interval remaining prior to disease progression. We defined the velocity of increase as the maximum Bcr-Abl/GAPDH increment per month following the minimum. In contrast, the previously described parameter 'Bcr-Abl increase' was not defined in relation to the time period.
In PB, the velocity of increase discriminated significantly (P ¼ 0.004) between patients at high and low risk of imminent relapse, with a threshold of 1.25 log/month. While a velocity o1.25 was associated with a median interval to relapse of 157 days, a value X1.25 was associated with a median of only 39 days. However, this parameter did not predict relapse within 60 days in PB samples significantly (Fisher's exact test) despite significant discrimination in Kaplan-Meier plots.
In BM, the threshold providing the greatest significant discriminatory power was 0.6 (P ¼ 0.003) (Figure 2c ), lower than in PB. The median time between assessment of the velocity of Bcr-Abl/GAPDH increases to relapse was 157 days (slope o0.6) vs 33 days (slope X0.6). Moreover, this cutoff significantly (P ¼ 0.006) discriminated a group (n ¼ 7) with no death within a median follow-up time of 272 days from a group (n ¼ 11) with a median interval to death of 120 days (Figure 2d) .
The cutoff 0.6 log/month for speed of increase in BM samples yielded a significant (P ¼ 0.003) discrimination between patients relapsing within 60 days (10 of 11 patients) and those without relapse within 60 days (six of seven patients) ( Table 3) .
Although Kaplan-Meier curves revealed different predictive cutoffs for the velocity of increase in PB and BM, there was no statistically significant difference in PB and BM samples paired per patient. Therefore, the kinetics of Bcr-Abl increases prior to relapse do not appear to be different in these two compartments.
Discussion
Most clinical trials examining the therapeutic role of imatinib in Ph+ALL to date have focused on patients with advanced disease. Initial antileukemic activity in this setting is pronounced but resistance occurs rapidly; thus, a major application of imatinib is as temporally limited salvage therapy preceding alloSCT, particularly in view of its favorable safety profile. The median response duration in patients treated with imatinib therapy is only 2.2 months, with only 18% of the patients experiencing more prolonged responses exceeding 6 months. As the results of alloSCT are reasonably good only in patients who are in CR at the time of transplantation, 15 imatinib-treated patients who are likely to relapse before undergoing alloSCT will require additional chemotherapy despite the additional treatmentrelated toxicity. Conversely, imatinib-treated patients with a high probability of sustaining a CR until alloSCT can be performed could conceivably be spared the morbidity and mortality associated with additional salvage chemotherapy.
We investigated whether serial quantitative MRD analysis, performed throughout imatinib treatment in patients having achieved at least a CMR, could be used to predict the probability of relapse within a clinically relevant time period and to guide therapy in a pre-emptive manner. High Bcr-Abl/ GAPDH levels and rapid increases in BM were significantly associated with shorter subsequent response duration and survival periods. Pronounced Bcr-Abl/GAPDH increases in PB were significantly linked to short remaining intervals to relapse and death. These parameters predicted actual relapse within 60 days in nine of 10, 10 of 11 and four of four patients, respectively, but were less accurate in excluding relapse within this period, when values were smaller than the cutoff. Our data show that both Bcr-Abl levels and dynamic parameters, that is, magnitude and the speed of increase are prognostic indicators that significantly discriminate different response groups regarding remaining remission and survival periods.
These results considerably extend our previous studies in which we attempted to predict the likelihood of early relapse in 56 Ph+ALL patients by quantitative real-time PCR analysis. 29 This study was limited to the phase of MRD decrease during initial imatinib treatment. The MRD level at a certain time point is able to identify short-term responders. However, initial MRD assessment cannot predict when relapse is actually imminent in prolonged responders. Therefore, the present approach was chosen to test whether serial frequent MRD analysis is able to identify individual patients with molecular progression and significant risk of hematologic relapse.
One report described that detection of Bcr-Abl transcripts at any time after SCT was associated with a very high risk of early relapse. 27 Other investigators used the conversion from negative to positive RT-PCR as a marker of disease progression and pending relapse in Ph+ALL. 24, 25 In one small study of five patients employing quantitative PCR, increases of 42 log in PB of two patients was closely followed by relapse while patients without such pronounced increase remained in CR for prolonged periods. 28 However, absolute quantitative parameters reflecting MRD levels and dynamics have not yet been established statistically to predict probability of relapse within a certain time period.
The fluctuation of Bcr-Abl levels may not only be attributed to real biological changes in the patient due to a variable proportion of residual leukemic blasts but also to technical features of the method. Although a relatively low interassay variability has been found under specific experimental conditions, 28 ,31 the interassay variance may be substantially higher in the setting of a multicenter trial, in which sample shipment may impair RNA quality. Furthermore, the thresholds that were identified in our study need to be validated in future prospective trials. All these issues need to be considered whenever treatment decisions are to be based on MRD.
Our data demonstrate that the kinetics of Bcr-Abl changes (velocity of increase) are important. Although the optimal threshold for increase per time in BM and PB differed (0.6 vs Table 3 Bcr-Abl/GAPDH velocity of increase (log increase per 30 days) after best response in BM of Ph+ALL patients allocated prognostically into low (o0.6) and high (X0.6) MRD risk groups in relation to interval from sampling to relapse (o60 or X60 days) Days to progr. Slope o0.6 X0.6 o60 1 10 X60 6 1 P=0.0025, n=18.
Prediction of relapse in Ph + ALL during imatinib treatment UJ Scheuring et al 1.25) , there was no significant difference in paired PB and BM samples. This is of interest since the kinetics of Bcr-Abl decrease during the initial treatment phase (4 weeks) with imatinib differed significantly with PB levels declining much faster than BM levels. 29 The steepness of Bcr-Abl increases reflecting the fast net proliferation of leukemic blasts may be a sensitive indicator of emerging resistant clones and pending relapse. Secondary resistance may evolve rapidly during imatinib treatment 32 and appear to be caused predominantly by selection of resistant clones harboring a point mutation in the Abl domain. [33] [34] [35] [36] [37] [38] [39] However, other mechanisms of Bcr-Abl resistance and Bcr-Abl-independent mechanisms of resistance have been found as well. 40 Frequent MRD analysis is therefore important to detect the emergence of resistant proliferating clones early to facilitate clinical interventions prior to overt relapse. Since assessment of velocity of Bcr-Abl increase may miss protracted slow increases over long periods, the other parameters, for example, Bcr-Abl level and magnitude of increase, are also useful.
Although BM samples were shown to be the more discriminatory and reliable material regarding Bcr-Abl level and speed of increase compared to PB, the latter material was more predictive regarding Bcr-Abl increase. Moreover, PB samples have the advantage of easy access. It is not clear why increases in PB are significantly associated with subsequent time spans to relapse whereas increases in BM are not. It may be speculated that more frequent sampling of PB may increase the likelihood to detect significant increases compared to BM samples. In conclusion, BM samples are to be considered the golden standard in MRD diagnostics of Ph+ALL, but PB samples may be of additional value by supplementing in between time points of BM aspiration.
In summary, the present study demonstrated the predictive function of Bcr-Abl level, increase and velocity of increase in BM and PB after reaching best MRD response to imatinib in Ph+ALL patients.
